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Due to the presence of an asymmetric carbon in the molecule, N-acylaminoacid-based surfactants can serve as a simple model in the study of more complicated biological systems composed of optically-active amphiphilic biopolymers like lipids and proteins. Probably, the optical activity in these biopolymers play important role in the biology and chemistry of these assemblies. Therefore, study of the role of optical activity in the self-aggregation of simple and optically-active surfactants, like N-acylaminoacids, would be an important step in understanding more complicated systems which show both micellization and enantiomerism (2, 3) .
In spite of the growing applications of N-acylaminoacid surfactants, the self-aggregation of these surfactants in water, in absence or presence of other additives, has not been studied sufficiently, especially in a wide range of concentration. Additives, like long chain alcohol and electrolytes, are well-known for their ability to modify the interfacial curvature in a number of ionic surfactant/water systems, resulting in the formation of a number of mesophases other than the conventional ones. In one of the most commonly used Nacylaminoacid surfactants, viz., potassium N-dodecanoylalaninate (abbreviated as KDA hereafter), addition of appropriate amount of decanol and electrolyte to an aqueous solution of the racemate surfactant forms a lyotropic nematic (N) liquid crystal phase, whereas the optically-active L-KDA gives a cholesteric or chiral nematic (Ch) phase at similar conditions (4) . Both N and Ch phases are aqueous solutions of optically anisotropic micelles in which the arrangement of micelles shows some directional order but no positional order. However, in the Ch phase, the micellar aggregates are believed to be twisted, and the arrangement of such micelles generates a twisted or helical structure, whereas in the N phase, no twisted structure is present. Properties of these phases formed by KDA or similar N-acylaminoacid surfactants in water/decanol system have been extensively studied (5) (6) (7) (8) (9) (10) . Sample composition and presence of electrolytes and cosurfactants has been found to affect the formation and properties of the N and Ch phases (11) (12) (13) . However, these studies on phase behavior and phase transformation of KDA are limited to a narrow range of composition. To our knowledge, there is no report on the phase behavior of aqueous KDA in decanol or other similar cosurfactants in a wide range of compositions.
In addition to this, there are several reports of investigations on the effect of optical activity of surfactant on the self-aggregation of N-acylaminoacid based surfactants at very low concentrations (14) (15) (16) (17) . Takehara et al. have reported that the critical micelle concentrations (cmc) of the pure enantiomers (L-form) of sodium salts of N-acylaminoacids are slightly lower than the cmc of the racemate (3, (14) (15) (16) . Miyagishi et al. reported similar results and explained the difference in cmc in terms of the difference of the conformation of aminoacid part in the surfactant molecule on the micellar surface (17) . However, Desando et al. have recently reported identical cmc values for optically active (D-and L-) and racemic (DL-) system of potassium N-dodecanoyl alaninate (18) . We are not aware of any study of the aggregation behavior of optically-active and racemate systems on aqueous N-acylaminoacid surfactants at higher surfactant concentrations.
In this study, we will investigate the phase diagrams of DL-KDA and L-KDA, at first in water in wide range of temperatures, and then, in water/1-decanol systems at 25 in a wide range of compositions. We also compare the ternary phase diagrams of the racemate and pure enantiomer to identify the effect of optical activity on the phase behavior.
Experimental 1 Materials
N-dodecanoyl-DL-alanine and N-dodecanoyl-L-alanine (purity >99%) were received from Ajinomoto Co. Their potassium salts, abbreviated as DL-KDA and L-KDA respectively, are used as surfactants in this study (Fig. 1) . Potassium hydroxide (GR) and standard (5M) hydrochloric acid were purchased from Junsei Chemi- 
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cal Co. 1-Decanol (99%) was from Aldrich Co. Pyrene was obtained from Tokyo Kasei. All the reagents were used as they were received, without further purification. Carbon dioxide-free Millipore filtered water was used to prepare samples and solutions.
Preparation of Samples
Aqueous KOH was standardized by titration against 5M HCl. To ensure the complete neutralization of amino acid, a slight excess (about 2% of the stoichiometric amount) of KOH was taken. To prepare the samples, required amounts of reagents were taken in glass ampoules. The ampoules were flame-sealed and the sample mixtures were homogenized using Vortex mixing device. The liquid crystals were homogenized further by repeated centrifugation through narrow constriction. The samples were left in water-bath at 25 for several days or weeks to bring the system at equilibrium. Phase identification was done by visual observation and observing the samples through cross polarizers.
3 Optical Microscopy and SAXS Measurement
Optical polarization microscopy and/or small angle X-ray scattering (SAXS) measurement at 50kV, 300mA (18kW Rigaku Denki rotating anode generator RINT 2500) were used to characterize liquid crystals. In the polarization microscopy, the samples were kept between glass slide and cover slip. Microslides with rectangular cross-section (0.2mm 2mm internal dimension) were also used for nematic/chiral nematic samples. The samples were introduced into the microslide by capillary action and the slide was flamesealed. For SAXS measurement, the viscous samples were covered with plastic films (Mylar method). The fluid-like samples were taken in special glass capillaries for X-ray measurement of 1.5 mm internal diameter (Glas, Germany) and mounted in the sample holder.
4 Circular Dichroism (CD)
Measurements Samples containing pyrene in mesophase (concentration of pyrene in the mesophase 1.0 10 -4 M) were prepared taking appropriate amount of the components. These samples were equilibrated and the CD measurement was carried out in spectropolarimeter (JASCO J-710) using 1 mm pathlength quartz cell at 25 .
5 Molar Volume of Surfactant
To determine the molar volume of the surfactant, the densities of the aqueous solutions of surfactant (micellar solution) were measured as a function of surfactant concentration at 25 using Anton Parr digital densitometer (DMA40). It is assumed that the density of surfactant does not change even in water and is the same for optically-active and racemate surfactant in liquid state. The reciprocal of density values were plotted against the surfactant concentration, and the density of the pure surfactant is obtained by extrapolating the line to the point corresponding to pure surfactant. The molar volume is obtained by dividing molar mass of the surfactant by its density, and for KDA it is found to be 269. 4 ( Fig. 3) suggests that the isotropic phase has a bicontinuous structure with Ia3d symmetry, which is well-studied and common in both ionic and non-ionic surfactant systems (21) . The mixtures with high concentration of surfactant in the V 1 region are very stiff at room temperature. Therefore, they were mixed at below or above room temperature and then left for equilibration at 25 for 4-5 weeks before the phase state was noted. The study was limited to W s 74.5 because of the presence of a solid phase at high surfactant concentrations.
At high temperatures, a birefringent, less viscous and slightly turbid phase appears in the high surfactant corner. In surfactant-water binary systems, the V 1 phase occurs between the H 1 and lamellar (L a ) phase regions, sometimes along with other intermediate phases (22) . The appearance of this birefringent liquid crystalline phase and its position in the phase diagram suggests that it could be a L a phase.
In general, at low temperatures, liquid crystals (LC) were found to be unstable with respect to the solid surfactant (S). At high surfactant concentrations, the S-LC phase transition shows thermal hysteresis, as it was observed in other similar systems, e.g., n-alkylammonium chloride systems (23) . The LC-S phase boundaries shown in Fig. 2 (a) and (b) correspond to the phase transition from the LC to the S phase. 
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, lamellar (L a ), reverse hexagonal (H 2 ) and reverse micellar (O m ) phases are also observed at 25 (Fig. 4) . It can be seen that on increasing the decanol concentration, the interfacial curvature of the surfactant aggregate is reduced and the formation of reversed aggregates is promoted. Depending on the surfactant concentration, such transformations take place via different mesophases. For this reason, we will discuss three series of phase transitions induced by increasing the amount of decanol, keeping the surfactant to water ratio fixed in a series. The following three series, W s 30 (line A in Fig. 4 In contrast to the sharp peaks we observed in the precursory H 1 phase, this mesophase gives a broad peak, which indicates the presence of a liquid-like short-order of the aggregates in this mesophase. Another small peak is also observed at very low angle (q 0.24 nm -1 ). This is the typical diffraction pattern shown by N and Ch phases in which two main short-ordered correlation peaks are observed (24) . The polarizing microscopic study of this mesophase in the DL-KDA system gives the texture shown in Fig 6(a) , called Schlieren texture characteristics of a N phase, whereas fingerprint textures of a Ch phase ( Fig. 6(b) ) are observed for the L-KDA system at similar composition (4, 25) . In order to check the presence of the Ch mesophase with helical structure, circular dichroism (CD) measurements of achiral pyrene in these mesophases were carried out. The results for the W m and the Ch phase in the L-KDA system (W s 30) are shown in 
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7).
By adding decanol to the N or the Ch phase, another birefringent phase (called L a D phase hereafter) is formed between the regions of the N or the Ch and the conventional L a phases. Although the L a D phase shows similarity in appearance and viscosity to the N or the Ch phase, a two-phase region separates the regions of these phases in the phase diagram. No macroscopic phase separation could be observed in the L a D phase, even after the equilibration of several months. The SAXS pattern of this phase (Fig 8(a) ) resembles to that of the L a phase, with a first order reflection (100 plane) corresponding to the interlamellar spacing and a relatively weak second-order reflection (200 plane) at higher q, with q 100 :q 200 1:2. Besides this, a diffuse band in the range 0.3 ≤ q ≤ 1 nm -1 and another peak at very low q values (q 0.25 nm -1 ) are observed. Optical microscopy of the L a D phase shows mosaic as well as oily streak textures (Fig 8(b) ), usually shown by the L a phase. However, the interlamellar spacing (d values) of this phase increases with increasing weight fraction decanol in the system, X o , in contrast to the trend observed in the conventional L a phase observed at higher X o values (see Fig 9) . Within the region of the L a D phase, no significant change in appearance and fluidity was observed on adding decanol. However, a sharp decrease in fluidity is observed at the L a D L a phase transformation within a narrow range of decanol concentration (less than 0.05 w/w)). We did not observe any two-phase region between the L a D and the L a phases, probably due to its very narrow range.
The L a phase is characterized by the SAXS pattern with q values at the ratio of 1 : 2 : ...., and oily streak texture (26 gates increases the aggregate size, which is reflected in the gradual increase in d observed inside the H 1 region.
On increasing further the concentration of decanol a new phase appears. The SAXS pattern now has the first two peaks very intense, which are followed by weak peaks, as it is shown in Fig. 11 . This is the typical pattern shown by the R 1 phase (27, 28) . The peak positions of this SAXS pattern may be fitted to both pgg or cmm symmetries, and the peaks observed in the higher q values are not sufficient for the unambiguous identification of the symmetry. However, the SAXS pattern of R 1 phase observed at slightly different composition (see Fig. 11 , inset (A)) can be fitted to the structure having pgg symmetry, with the planes of the ribbons slightly tilted to the longer axis of the rectangular unit cell, as it is shown in the inset (B) of Fig. 11 (27, 28) . The unit cell parameters for this structure observed in the present system (Fig. 11) are comparable to those observed for the same phase in the SDS/water/decanol system (29) .
Optical microscopic patterns of the R 1 phase are shown in Fig. 12 . When one observes the sample immediately after putting it on the slide, the texture resembles closely to those observed in the H 1 phase (30) . But, within a few minutes, the sample undergoes a structural rearrangement, giving a "bending ribbon" pattern as it is shown in Fig. 12 . Similar microscopic patterns are observed in the R 1 phases of both DL-and L-KDA systems.
Between the R 1 phase and the conventional L a phase, another birefringent phase (L a H ) appears (Fig 10) . Optical microscopy of this phase shows a mosaic texture (Fig. 13) . The SAXS pattern of this phase (Fig. 14) resembles to that of the L a phase, with a strong first order reflection (100 plane) corresponding to the interlamellar spacing and a weak second-order reflection (200 plane) at higher q values, with q 100 : q 200 1:2 (Fig. 14) . However, contrary to the conventional L a phase (see Fig. 10 At high concentrations of decanol, a H 2 phase is formed in a narrow region between the L a and the O m region in both ternary phase diagrams (Fig. 4) . Since the phase boundaries of H 2 and O m regions are the same in both systems, the decanol-rich region is omitted for L-KDA system in Fig. 4 . Optical microscopy gives fanlike patterns characteristics to the H 2 phase (19) . The SAXS measurement of samples in the H 2 phase for both, DL-and L-KDA systems showed a very intense first peak, but higher order peaks could not be identified. At still higher concentrations of decanol (X o ≥ 63) the isotropic O m phase is formed. At low surfactant to water ratio, there is little constrain in the packing of surfactant in the aggregates, and addition of decanol can easily induce changes in the way the molecules are packed in the aggregates and also in the arrangement of the aggregates. At higher surfactantto-water ratios, the surfactant molecules in the aggregates are closely packed, with the repulsive interaction between the charged head group screened by counterions. Incorporation of decanol would, therefore, produce only small changes in the packing of the molecules inside the aggregates, and also in the arrangement of the aggregates as a whole. (Figures 2(a) and 2(b) ) are essentially similar except in the solid melting temperature at high surfactant concentration. The reason for that may lie in the different molecular packing and intermolecular interactions in the solid state (31, 32) . In the micellar solution or in the liquid crystalline states, surfactant molecules are comparatively far away, and therefore, there is no significant difference in the molecular interaction between surfactant molecules in both, DL-KDA and L-KDA systems. As a result, phase behaviors for the L-KDA and DL-KDA systems are similar.
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3 Phase Diagrams of DL-and L-KDA/
Water/Decanol Systems With increasing concentration of decanol in the KDA system, the [
O m ] sequence of the phase transformations is observed, where the interfacial curvature changes from positive (except in V 1 phase) to negative through zero. This implies that the decanol molecules added to the surfactant aggregates are incorporated parallel to the surfactant molecules, resulting in a decrease of the interfacial curvature of the aggregate. With successive additions of decanol to the H 1 phase, the rod-like aggregates undergo a structural transformation, giving rise to intermediate phases consisting of aggregates with no uniform curvature. It seems that this type of evolution in the aggregate structure, from the H 1 to those intermediate phases, is induced by microsegregation of surfactant and decanol molecules in the aggregate, with the decanol molecules lying in the flatter part and surfactant molecules in the curved part of the aggregate (33). Gelbart et al. (34) have theoretically shown that to produce a stable aggregate, the cosurfactant molecules must reside in the flatter part of the aggregate, and hence this part grows at the expense of the curved edges, leading to an increase in the aggregate size and phase stability.
Phase Transformations Along the Line A (W s 30)
The properties of the N-and Ch-phases in the KDA system, or closely related systems, have been extensively studied (8, 11, 13) . However, in those studies, electrolytes like CsCl, KCl, Na 2 SO 4 ( 2-7% w/w) were also added, along with decanol, to obtain those phases, although the function of the electrolytes in the formation of N or Ch phase is not clearly understood. In this study, we obtained the N and the Ch phases in the KDA/water/decanol systems in the absence of added electrolyte, using slightly higher amounts of decanol than the corresponding amount used in presence of electrolytes (11) . It seems that electrolytes facilitate the formation of N or Ch phases by reducing the interfacial curvature more effectively, and inducing the H 1 N (or Ch) phase transformation at lower amounts of decanol. However, the present study shows that the addition of electrolyte is not compulsory to obtain the N or Ch phase.
The presence of the Ch phase in the L-KDA system has been clearly identified by the liquid-crystal-induced circular dichroism (LCICD) of pyrene dissolved in this phase. The large difference in intensities of LCICD of pyrene observed in the Ch and L a D phases (Fig. 7) indicates that the phase (L a D ) has also helical arrangements like the Ch phase, but the degree of helical twist in the L a D phase is significantly lower (i.e., longer pitch) than in the Ch phase (35) . If the L a D phase would be a twophase region consisting of Ch-and L a phases, it would have shown an LCICD band of intensity comparable to that observed in the Ch phase, because the LCICD intensity is almost independent of the concentration of the pyrene dissolved in the mesophase as it was put forward by Saeva et al. (35) .
The (100) and (200) peaks observed in the SAXS pattern of L a D phase (Fig. 8(a) 
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lamellar-like correlation in one direction. The presence of a broad band centered at about 15.7 nm and a broad peak at 25.1 nm shows the existence of the shortordered correlation at two perpendicular directions of the disc-shaped micelles inside the plane. This implies that the micelles should be elongated. These results suggest that the L a D phase is most likely to be composed of disk-shaped micelles arranged in layered structures in an aqueous environment. A plausible explanation of the generation of a helical structure in the L a D phase of the L-KDA system is that the micelles are probably twisted as in the Ch phase, and due to this the micelles lying in a plane are tilted with respect to the layer plane. The direction of the micellar tilt changes gradually from one layer to another, and such a precession of the tilt about an axis normal to the layers generate a helical macrostructure similar to that observed in the chiral smectic C (Sm -C) phase. Since the L a D phase in the DL-KDA appear in the same region and shows similar properties to the L a D phase in the L-KDA system (except the ICD), it could have a similar smectic structure without the helical arrangement.
5 Phase Transformation Along Line B
(W s 50) It is assumed that by increasing the decanol concentration from the H 1 phase, microsegregation of decanol and surfactant takes place and the cylindrical cross sections of the aggregates are distorted to somewhat rectangular or elliptical (ribbon) shapes (27) (28) (29) forming the closely related ribbon (R 1 ) phase. By further increasing of decanol concentration, the L a H phase is formed. The SAXS pattern constituting of lamellar pattern and a broad diffused band at low q values (Fig. 14) could suggest that the phase has a lamellar-like layered structure of surfactant and water, with the continuous bilayers broken by water-filled defects. Absence of the peaks in the SAXS pattern other than the lamellar-like peaks in this defected lamellar (L a H ) phase, indicates that there is no ordering in the distribution of water-filled defects within a layer, and from one layer to the next (36) . Since the water-filled defects allow some of the interlamellar water fill into the intralamellar space, the interlayer spacing of the L a H phase is less than that of L a phase. The presence of these water-defects would make curved interfaces around them, whereas in the other parts (lamellar) the interfacial curvature is zero. However, with the successive addition of cosurfactant (decanol) to the system the flattened interface is promoted, and therefore, the number density of the waterfilled defects progressively decreases (37) . This restores the amount of water in the interlamellar space, and thus in the L a H phase, the interlayer spacing increases with the addition of the cosurfactant (38) , contrary to what happens in the L a phase.
There are several reports (39) of defected or disrupted lamellar (L a H ) phase in surfactant-water binary systems of ionic surfactants, viz., sodium dodecyl sulphate (40) , lithium perfluorooctanoate (41) and cesium pentadecafluorooctanoate (37, 42) , and long-chain poly (oxyethylene) surfactants (36, (43) (44) (45) (46) . However, we are not aware of any report of the L a H phase between the H 1 or R 1 and the L a phase in ternary systems, except that reported by Kekicheff et al. in the SDS/water/decanol system (40).
6 Phase Transformation Along the Line C (W s 70)
The V 1 L a phase transformation induced by increasing temperature in the surfactant-water system, or by cosurfactant in the ternary system is commonly observed in surfactant systems (47, 48) . In a number of ionic and nonionic surfactant systems, such temperature-induced transformation in surfactant-water binary systems of anionic and nonionic systems is usually mediated by one or more intermediate phases having lamellar-like structures with water holes, usually with some order in the spatial arrangement of the water holes (39) . Since both, increasing temperature or adding cosurfactant reduce the interfacial curvature of the surfactant aggregates, the formation of the L a H phase between the V 1 and the L a phase region for the KDA system does not appear to be unusual. However, we are not aware of any report for the existence of such phase between the V 1 and the L a phase in a ternary phase diagram. The cosurfactant-induced [V 1 L a H 2 O m ] phase transformation observed here is the typical pattern observed in ionic surfactant/alcohol/water systems (49).
7 Comparison of Ternary Phase Diagrams
The phase diagrams of the racemate and opticallyactive surfactants in water/decanol systems differ only in the low surfactant-concentration region between the H 1 At W s 30, the variation in a s ' with decanol concentration, X o , is shown in Fig. 17 . In absence of decanol (X o 0), the a s ' is large in the micellar aggregates, because if the micelles are spherical, a s ' should be larger than 0.60 nm 2 , due to the packing constraint. The interaction between asymmetric head groups is small and almost no differences are observed in the phase diagrams of racemate and optically-active systems. Addition of a small concentration of decanol reduces the a s ' of the surfactant (49) (Fig. 17) . Then the head groups of the surfactant molecules are more closely packed and the asymmetric head groups can interact more effectively. Differences in the behavior of DL-and L-KDA systems are then observed.
With a further increase in decanol concentration, the separation between the amphiphilic head groups increases, as it is shown by the increase in a s in Fig. 17 , and the asymmetric interaction between head groups becomes again progressively weak and eventually disappears. This results again in a similar phase behavior in both surfactant systems.
Conclusion
In this study we found that potassium N-dodecanoyl DL-alaninate (DL-KDA) / water binary system forms micellar (W m ), hexagonal (H 1 ), bicontinuous cubic (V 1 ) with Ia3d symmetry, and solid (S) phase successively with increasing surfactant concentration at room temperature. With increasing temperature, S V 1 L a (lamellar) phase transition takes place at high surfactant concentration, and the L a phase gradually displaces the region of the V 1 phase to lower surfactant concentration. This is the typical phase behavior of ionic surfactant-water systems. The phase behavior of a binary water-L-KDA system is similar to that of the DL-KDA system except for the high melting temperature of the r d 
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solid surfactant. It is considered that the packing of L-KDA molecules in the solid is tighter than DL-KDA. However, optical activity does not give a remarkable effect on the phase behavior of the amino acid surfactant in the liquid or liquid crystalline state. In DL-KDA/water/1-decanol ternary systems, beside the above mentioned phases, other liquid crystal phases (N, L a D , R, L a H , L a , and H 2 ) are formed. Their structures have been confirmed by SAXS and polarizing microscopy. Substituting the racemate surfactant DL-KDA by the optically-active L-KDA shows a change in the ternary phase diagrams only at moderate decanol concentration, where the formation of the Ch phase and the N phase are observed in the ternary DL-KDA and L-KDA systems respectively. This phenomenon has been explained by the asymmetric interaction between the surfactant head groups in the aggregates. In binary systems, the surfactant layer curvature is positive and the distance between head groups is too far to show the influence of the asymmetry of the surfactant head groups. However, upon addition of small amounts of decanol, the cross-sectional area per head group, a s ' shrinks and the difference in the phase behavior (formation of nematic and cholesteric phases) is observed. At high decanol content, the decanol molecules are dominated in the mixed layer and both phase behaviors become again similar.
